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Density-dependent electronic structure of zinc-blende-type MnAs dots on GaAs(001) studied
by in situ photoemission spectroscopy
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We report on the density dependence of the morphology and electronic structure of zinc-blende-type MnAs
dots usingin situ photoemission spectroscopy combined with molecular-beam epitaxy. Transmission electron
microscopy images showed the zinc-blende-type crystalline structure of 10-nm diameter for each dot on
sulfur-passivated GaAB01) surface. The valence-band photoemission spectra of the MnAs dots were similar
to those of the diluted magnetic semiconductor, GQdn,As. With increasing dot density, the characteristic
spectra of the zinc-blende-type MnAs persist but a weak Fermi edge appears, suggesting a metallic behavior as
a result of percolation between the dots or the appearance of hexagonal MnAs as a minority phase.
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The successful synthesis of the diluted magnetic semicorbe grown on GaAs below a critical thickness of 3 nm be-
ductor(DMS) Ga,_,Mn,As epitaxially grown on GaAs sub- cause of the small lattice mismatthAs the lattice mismatch
strates using molecular-beam epita®BE) has opened up between MnAs and GaAs is intermediate between the above
the semiconductor spin-electronics research field, becausetito systems, a detailed investigation is needed to see how
has a large number of functionalities that can be utilized a$MnAs dots are grown on GaAs surface. In this paper, we
nonvolatile memories, spin injection, and optical control ofreport on the morphology-dependent, especially dot-density
ferromagnetism in semiconductor devideslowever, the dependent, photoemission spectroscopy of the zinc-blende-
Curie temperatur€T:) has been mostly limited te-110 K,  type MnAs dots on GaA®01) using anin situ photoemis-
because of the solubility limit of Mn atoms and the selfcom-sion spectroscopy system combined with a MBE system.
pensation of doped carriefsRecently, considerable effort ~ The nanoscale MnAs dots were fabricated on sulfur-
has been devoted to raise the of Ga_,Mn,As as in Mns  passivatech’-GaAg001) substrates by a conventional solid-
doping in GaAs and MnAs/GaAs multilayets To this end,  source MBE. It is well known that the GaAs substrates ter-
there is a strong demand for the fabrication of the high-Mn-minated by group Vl-element atoms, such as sulfur and
concentration limit of Ga,Mn,As, namely, MnAs with the selenium, have a low surface energy, and thus enable a self-
zinc-blende-type structure, which has a high potential for sassembled growth of metallic clusters on the
breakthrough toward GaAs-compatible materials with asemiconductot® To terminate the surface of GaAs substrates
higher T¢.% However, it is well known that MnAs grows by sulfur, the substrate was first dipped into @fH,),S,
epitaxially onto GaAs in the hexagonal NiAs-type structre. solution for 1 h, then rinsed in pure water. By heating the
This is because the MnAs/GaAs interfaces are thermodysubstrates up to 400 °C, the reflection high-energy electron
namically stable as both materials share As atoms at the irdiffraction (RHEED) pattern changed from a halo to a
terface and the growth process is completely compatible witlstreaky 1x 1 pattern, indicating the formation of flat sur-
the existing IlI-V MBE technology. faces. The growth of MnAs dots changed the streakyll

In the previous work, we have reported a fabrication ofRHEED pattern to a spotty pattern, indicating the dot forma-
the zinc-blende-type MnAs nanoscale dots on sulfurtion. The growth temperature of the MnAs dots on the sub-
passivated GaA801).8 Fabrication of thicker films of the strate was set at 200 °C. As references, we have grown
zinc-blende-type MnAs is strongly anticipated because of it$Ga,_,Mn,As and NiAs-type MnAs film on GaA®01) by the
half-metallic behavior as suggested by hypothetical bandsame recipes as reported in Refs. 1 and 7.
structure calculation'® However, it has been suspected For the investigations of the density dependence of the
that thick films may have the crystalline structure of the ther-MnAs dots, we prepared three samples with different dot
modynamically stable NiAs-type bulk MnAs because of lat-densities of 3.5, 2.0, and 1x510*? cm™ deduced from the
tice relaxatiorf. The precise information on the density de- analysis of the atomic force microscogfFM) images as
pendence of the structural and electronic properties of thehown in Fig. 1a). Hereafter we refer to the three samples as
MnAs dots on GaAs is therefore strongly required for thehigh-, medium-, and low-density samples. For all the
fabrication of thicker zinc-blende-type MnAs films. It was samples, the maximum diameter and the maximum height of
proposed that MnSb dots on sulfur-passivated GaAs surfaceach dot were estimated to be about 10 and 5 nm, respec-
maintain the NiAs-type structure because of the lattice mistively. For sizes larger than 10 nm in diameter, new dots
match between the zinc-blende-type MnSb and GaAsvere formed in other areas of the sulfur-terminated GaAs
substrate$? On the other hand, zinc-blende-type CrAs cansubstrate. In the case of the high-density sample, AFM im-
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FIG. 1. (Color online Density-dependent sur-
face morphology of the nanoscale MnAs dats.
Atomic force microscopy images for different dot
densities in 30 300 nn?; low density (left),
medium density (middle), and high density
(right). (b) Cross-sectional transmission electron
microscopy (TEM) images of the zinc-blende-
type MnAs dots in medium density along the
[110] and[110] directions. Selected area electron
diffraction patterns for each place are also shown
in the right panel.

ages reveal that the MnAs dots are connected with each The MBE system used in this study was connected to the
other. In fact, the root-mean-square value in the high-densitgynchrotron radiation photoemission system at BL{Ref.
sample was larger than those of medium- and low-densityi7) of the Photon Factory, High-Energy Accelerator Re-
samples. Therefore, with increasing deposition time, the sizeearch OrganizatiotKEK) in Japan.In situ photoemission
of the dots remained almost constanilO nm and the dot spectroscopy measurements were performed for the MBE-
densities increased because of the low surface energy of tiggown MnAs dots. The samples grown by MBE were trans-
sulfur-passivated surfadé. ferred into the photoemission chamber without breaking the
In the transmission electron microscopyEM) images ultrahigh vacuum. The emission angle of photoelectrons was
shown in Fig. 1b), clear lattice fringes of the nanoscale set normal to the surface. Photoemission measurements were
MnAs dots as well as the GaAs substrate are observed fatone at room temperature and the total-energy resolution was
both the[110] and[110] cross sections. The dark contrast in set at about 100 meV using a Gammadata-Scienta SES-100
the interface region is due to the sulfur layer at the interfacehemispherical analyzer. The AFM and TEM measurements
The lattice images and selected area electron diffraction patwere made after the photoemission measurement.
terns of the nanoscale MnAs dots also shown in Fib) are The Mn 3 partial density of stateDOS of the nano-
almost the same as those of the GaAs substrate, indicatirsgale MnAs dots has been obtained using the 3 reso-
the formation of the zinc-blende crystalline structure in thenant photoemission spectroscopy and is compared with those
nanoscale MnAs dots. The lattice constant of the zincof Ga_Mn,As and NiAs-type MnAs film in Fig. 2. The Mn
blende-type MnAs dots was larger by 0.7% than the lattice3d PDOS has been deduced by the subtraction of the photo-
constant 5.65 A of the GaAs substrate. Without the sulfuremission spectrum taken at 48 eV from that taken at 50 eV.
passivation, the crystalline structure, observed by the highFigure 2a) shows the valence-band photoemission spectra of
resolution TEM, of the MnAs film on GaA601) was differ-  the in situ prepared Ga,Mn,As. The Mn 3 PDOS of
ent from that of the GaAs substrate, indicating that the MnAsGa,_Mn,As is similar to that reported previousi§.Reso-
film was grown in the hexagonal NiAs-type crystalline nant enhancement was observed in the photoemission spectra
structure!® The zinc-blende-type MnAs dots observed heretaken at 50 eV fronEg to ~-10 eV with a prominent peak
are not the same as the high Mn concentration limit ofat ~-4 eV. Ga_,Mn,As has the zinc-blende-type crystalline
Ga,_,Mn,As in the sense that the linear extrapolationxto structure with the Mn atom tetrahedrally coordinated by
—1 would yielda=5.75 A and a considerably large lattice As atoms. All the tetrahedrally bonded Mn-based DMS in-
mismatch of 5.8% with the GaAs substrate would be ex-<cluding II-VI compounds reported so far show almost the
pected. It is considered that the formation of the zinc-blendesame Mn 8 PDOS, that is, the main peak located aroudl
type structure and the small lattice mismatch in the nanoscaleV, a strong satellite structure at deep energies around
MnAs dots result from the strong Mn-S bond compared to-7~-9 eV, and a relatively small spectral weight withi2
the Mn-As bond inferred from the heats of formation of MnS eV from E.2° Such an electronic structure has been well
and MnAs. Therefore, the nanoscale MnAs dots maintain theinderstood using the configuration-interaction cluster model
zinc-blende-type structure through the interaction with theand cannot be reproduced within the framework of band-
sulfur-terminated layer. It is also noted that in the case of thestructure calculations, indicating the importance of the Cou-
nanoscale MnSb dots on sulfur-passivated GaAs surfacégmb interaction between the Mnd3electrons® On the
they form in the hexagonal crystalline structure, which hasother hand, the photoemission spectra of the MnAs film in
been attributed to the large lattice mismatch with the GaAd-ig. 2(d) do not show the pronounced4 eV peak or the
substraté? satellite structure in the on resonar(te~ 50 eV) but show
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FIG. 2. A series of valence-band photoemission spectra, in the 88 core excitation threshold, af situ prepared Ga,Mn,As (a),
the zinc-blende-type MnAs dots in the middle density the zinc-blende-type MnAs dots in the high densiy and NiAs-type MnAs film
(d). The difference spectra between the on-resondinze 50 eV) and off-resonancé48 eV) spectra are also shown at the bottom of each
panel as a measure of the Md Bartial density of states.

a clear Fermi edge characteristic of a metallic material. AWith increasing dot density, the Fermi edge appears at the
strong Auger structure from the AsiZore level as well as density of 3x 10*2 cm™ and grows gradually. Except for the
Mn 3p-3d-3d also overlap the valence-band spectra, whichevolution of the Fermi edge, the entire valence band shows
suggests the itinerant character of the valence electrons. almost the same spectral line shapes, which indicates that the
Resonant photoemission spectra of the nanoscale MnAf@rmation of the zinc-blende-type MnAs dominates up to the
dots are shown in Figs.() and 2c) for the medium- and high-density region. The main peak positions at aroudds
high-density dots, respectively. The spectra of the low-EV are consistent with the previous $tud|es of ultrathin Mn
density MnAs dotgnot showr) show almost the same fea- !ayers on GaA@01) substrates forming the fcc structure
ture as those of the medium-density MnAs dots. Spectral linéince thex-phase Mn layer showed the main peak position at
shapes in the entire valence-band region are similar to those3 €V belowEg.?" Spectra of the high-density MnAs dots
of Ga,_,Mn,As, but are quite different from the photoemis- show a c!ear Fern_1| edge. The appearence of the Fermi edge
sion spectra of the NiAs-type MnAs films, even in the high-fo_r the high-density dots suggests that a small amount of
density MnAs dots. The distance between Mn atoms in thé\iAS-type MnAs starts to form at this dot density or that the
zinc-blende-type MnAs is much larger than that in the NiAs-dots are contacted by each other and a conductive pass ap-
type MnAs, and therefore the Mrd2lectrons have tendency Pears by percolation between dots, resulting in the occur-
to be strongly correlated. This is indicated by the strong satf€nce o_f an ms_ulator-to-metal transition. The Ie_ltter_ scenario
ellite structure in the valence band and the similar photoiS consistent with the AFM observation shown in Figa)l
emission spectra of GaMn,As in which doped Mn atoms The msulator—tq—metal transition is also expected to |anu—.
behave as impurities. Therefore, the similarity in the line€Nce the magnetic properties. Since the samples are thin
shapes between the MnAs dots and, Gdn,As is consid- T T

T
ered to be derived from the zinc-blende-type structure and 1|] i\;[g(/)\ssms
the strong correlation among the Mml &lectrons. The ab- S 2p v=ale
sence of the As-derived and Mn-derived Auger emission in As 3d
S

the spectra of the MnAs dots would be explained by the
strong tendency toward the localization of the hybridized Mn
3d-As 4p states.

Although one may suspect the MnS formation between
the substrate and the dots, or on the surface of the dots, we
have confirmed the diminishing intensity of the § @ore-
level peak with increasing the MnAs dot densities as shown
in Fig. 3, where the spectra have been normalized to the As
3d peak height. Since the photoionization cross sections of
the As 3l and S D orbitals are comparable, only a small
amount of Mn-S bonds can exist in the interface region.

To see this more clearly, in Fig. 3, we show five spectra of

As3p Ga3d
high density

medium density

Intensity (arb. units)

low density

1 I I
-150 -100 -50 0

the zinc-blende-type MnAs dots with different dot densities Energy (€V)
taken at 80-eV photon energy, where the relative photo-
ionization cross sections of Mnd3to As 4p increase. The FIG. 3. Wide-range photoemission spectra of the nanoscale

spectra have been normalized to the Alsc8re-level height.  MnAs dots for different dot densities.
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films and the magnetic atoms are dilute, it is difficult to ture of the zinc-blende-type MnAs dots using time situ
characterize the magnetic properties using conventionghotoemission system combined with MBE focusing on its
magnetic measurements. In the magnetic circular dichroisrdot-density dependence. The valence-band photoemission
study in the Mn D core-level absorptio?? it was revealed spectra of the MnAs dots were similar to those of
that the high-density samples behave ferromagnetically, alGa-Mn,As. An insulator-to-metal transition was observed,
though the samples with dot density less than the percolatiowhich we attribute to a percolation between the dots or the
density (3% 10" cnmi ™) show nonferromagneticsuperpara-  NiAS-type MnAs formation as a minority phase.

magnetig behavior. According to the band-structure calcula-  This work was done under the project 02S2-002 at the

tion, the zinc-blende-type MnAs is predicted to be a half-|nstitute of Materials Structure Science in KEK, and partially

metallic ferromagnet? If the metallic and ferromagnetic supported by the New Energy and Industrial Technology De-

high-density MnAs dots behave as a half metal, they willvelopment(NEDO) and a Grant-in-Aid for Scientific Re-

become a useful material for spintronic device application insearch in Priority Area Semiconductor Nano-spintronics

future. from the Ministry of Education, Culture, Sports, Science and
In conclusion, we have investigated the electronic strucTechnology.
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